This paper presents a study on the process engineering aspects of relevance to the industrial implementation of ThO 2 and (Th, U)O 2 mixed oxide (MOX) pellet type fuel manufacturing. The paper in particular focuses on the recycling of thoria based fuel production scrap which is an economically important component in the fuel manufacturing process. The thoria based fuels are envisaged for Advanced Heavy Water Reactor (AHWR) and other reactors important to the Indian Nuclear Power Programme. A process was developed for recycling the chemically clean, off-specification and defective sintered ThO 2 and (Th, U)O 2 MOX nuclear fuel pellets. ThO 2 doesn't undergo oxidation or reduction and thus, more traditional methods of recycling are impractical. The integrated process was developed by combining three basic approaches of recycling namely mechanical micronisation, air oxidation (for MOX) and microwave dissolution-denitration. A thorough investigation of the influence of several variables as heating method, UO 2 content, fluoride and polyvinyl alcohol (PVA) addition during microwave dissolution-denitration was recorded on the product characteristics. The suitability evaluation of the recycled powder for re-fabrication of the fuel was carried out by analyzing the particle size, BET specific surface area, phase using XRD, bulk density and impurities. The physical and chemical properties of recycled powder obtained from the sintered (Th 1-y , U y )O 2 (y; 0 -30 wt%) pellets advocate 100% utilisation for fuel re-fabrication. Recycled ThO 2 by integrated process showed distinctly high sinterability compared to standard powder evaluated in terms of surface area and particle size.
Introduction
The recycling of valuable materials is important for the nuclear industry like other industrial processes. The rejects and scrap are arising in the process of nuclear fuel fabrication. The main arisings are powder and pellets from oxide or MOX production and metal swarf from production of metal fuels. The recycling of rejected nuclear fuel is a key component of the fabrication process flow sheets.
The recycling comprises recovery of rejected nuclear fuel materials and their utilization for re-fabrication of the fuel. The rejected MOX fuel consists of mainly the off-specification and defective sintered pellets. Low density, under size, compositional variation and physical defects generates considerably high proportion of rejected fuel pellets. The rejected fuel pellets contain significant amount of fissile and fertile materials depending upon the composition of the fuel. Thus, judicious utilization of the feedstock materials is accomplished by recycling these rejects. The recycling assumes paramount importance for many good reasons like curtailing fuel cost, saving of natural resources, alleviating total fissile content degradation, averting personnel exposures etc. [1] [2] . The economic considerations throw a major driving force for considering the practice of recycling in the fuel manufacturing process over the alternative disposal options.
Thorium dioxide or thoria (ThO 2 ) has gained more interest considering its resources and long-lived waste concerns. It is more abundant in the earth crust and the thorium fuel cycle generates lesser minor actinides than its uranium analogue. However, natural thorium is quasi-monoisotopic (Th 232 ) which is fertile and cannot directly be used in a nuclear reactor. Thus, initial enrichment with a fissile (Pu, U 233 or U 235 ) is needed as nuclear fuel. India has planned ThO 2 utilization in a comprehensive way in its three-stage Nuclear Power Programme [3] . ThO 2 has been used for the initial flux flattening in Indian Pressurised
Heavy Water Reactors and as fertile blanket material in the fast reactors. The third stage of power programme is built on ThO 2 based MOX fuels keeping in mind the long term deployment of thorium based reactors for sustainable energy [3] [4] . In this direction, AHWR is being set-up as technology demonstration reactor [4] . This will utilise (Th-Pu) and (Th-U 233 ) MOX fuels (2.5 to 4 wt%) following a closed fuel cycle. In view of the technologically challenging issues of (Th-U
233
) or (Th-Pu) fuels in a closed fuel cycle, the once-through fuel cycle containing low enriched uranium (LEU) with U 235 enrichment of 19.75% is recently proposed for AHWR [5] [6] . The proposed fuel is Th-LEU MOX having UO 2 composition from 18 to 22.5 wt% for AHWR-LEU [5] .
Extensive studies were carried out for fabrication of ThO 2 or (Th, U)O 2 by standard powder-pellet route and other advanced routes in India [7] [8] . Several World Journal of Nuclear Science and Technology attractive routes for fabrication of (Th-U
)O 2 fuel were developed over the years [9] - [15] . Irrespective of the route followed for fabrication of fuel, a significant proportion of the total throughput (typically 15% -20% in powder-pellet route) the off-specification fuel pellets get produced invariably in the various operations. To curtail the fuel cost, these rejects are to be recycled essentially. causing nearly 36% crystal volume increase, thereby making feasible the oxidative pulverization of sintered rejects [30] . Similarly, the reduction of ThO 2 to lower oxides is not feasible. Therefore, the dry recycling of ThO 2 sintered pellets by oxidative or oxidative-reductive pulverization is not feasible. However, the presence of UO 2 in (Th, U)O 2 opens an option for oxidative pulverisation of the matrix and hence, the recycling. Further, the comminution processes, where sintered rejected pellets are mechanically crushed are universally applicable. The micronisation down to very small size can be achieved using ball mill or attritor mill. To further improve the powder properties of mechanically micronised and/ •g −1 and average particle size 1 -2 µm. The paper also recommends the scale-up perspectives of the process to cater the industrial requirements.
Experimental

Starting Materials
Solid Table 2 .
Apparatus and Instruments
Jaw Crusher
A Jaw crusher (M/s RETSCH, Germany) was used for mechanical crushing of the sintered pellets into coarse powder. It consists of a no-rebound hopper for feeding the sintered pellets. It has a fixed crushing arm and other movable by an eccentric drive shaft. The elliptical motion of the second arm crushes the pellets (9 -11 mm) into the powder <1 mm. A vacuum based dust collection system collects the radioactive dust formed in crushing operation. The other details of the jaw crusher can be found elsewhere [43] .
Attritor Mill
The Attritor mill [43] consists of a vertical cylindrical stainless steel vessel, was carried out at 300 rpm.
Microwave Processing System
Indigenously developed microwave processing system of maximum microwave output power of 6 kW was used. The output power of the system can be continuously varied between 10% -100%. The aqueous processing was carried out in a multimode applicator of volume nearly 60 liters. The microwave transmission up to the applicator is achieved through standard WR340 wave-guides from remote microwave generator. The system is equipped with real time temperature and power measurement during the processing. The other technical details of this system are described elsewhere [27] .
Characterization Methods and Instruments
The bulk density of the intermediate products and powder was measured using graduated cylinder and a weighing balance following standard method [46] . The specific surface area of the powders was measured by Brunauer-Emmet-Teller (BET) physisorption model based N 2 adsorption technique [47] using Smart-SORB93® (M/s Smart Instruments Co., India). The O:M ratio is mole ratio of oxygen and heavy metal (where M is Th or Th+U) was determined by a thermogravimetric method involving gas equilibration technique [48] . The phase analysis was performed on EMMA ® X-ray diffractometer (M/s GBC Sci. Eqpt., Australia) using Cu-K α radiation. The residual carbon in the denitrated ThO 2 samples was determined by combustion following infrared absorptive measurement by CO 2 at 2349 and 770 cm −1 [49] . The residual fluoride was determined in the pyrohydrolysate by fluoride ion selective electrode after pyro-hydrolysis of the sample [50] .
Integrated Method of Recycling
Process Flow Sheet
The flow sheet for recycling of ThO 2 or (Th, U)O 2 fuel rejects by integrated method is shown in Figure 1 . The sintered pellets were crushed using a jaw crusher to coarse powder. The coarse powder in case of ThO 2 was directly attritor milled and in case of (Th, U)O 2 , it was subjected to air oxidation at 700˚C for 4 h in conventional resistance furnace and subsequently for attritor milling. The attritor milling (40 min., 200 rpm) further resulted in micronisation of the coarse powder. The attritor milled powder was sieved through ASTM standard sieves.
The sieved powder (in batches) was taken for aqueous processing using mi- HNO 3 were dissolved and denitrated. The typical temperature profile during microwave dissolution and denitration of a batch is shown in Figure 2 . Figure 2 also depicts the various stages of the process up to metal oxide conversion. The product obtained is low density, porous and dry cake of oxide or mixed oxide.
The dry cake was removed from the process vessel using spatula in the form of clinkers. The clinkers were attritor milled and subjected to air calcination at 700˚C, 2 h for ThO 2 . The calcination and reduction (700˚C, 4h) for (ThO 2 , U 3 O 8 ) was carried out.
Process Chemistry 1) Dissolution and Concentration
The attritor milled and sieved powder was dissolved in HNO 3 at 115˚C -120˚C to form their soluble nitrates using catalyst HF as shown in Equation
( 
2) Dehydration and Denitration
In the process of dehydration, water of crystallisation of nitrates was removed to get nitrates with reduced water of crystallisation above 120˚C. The partially hydrated nitrates were decomposed to respective oxides or mixed oxide on further heating as described by Equation (3) 
3) Calcination and Reduction
The mixed oxide product obtained after denitration was porous and was further calcined in air converting UO 3 into U 3 O 8 in the same process vessel as represented by Equation (7) 
. Mechanical Micronisation
Mechanical micronisation using jaw crusher and attritor mill produces powder from the sintered pellets. The particle size and the surface area data after different stages of the integrated process (Figure 1 ) are recorded in Table 3 . The sieve analysis was carried out for powders after jaw crushing, air oxidation and attritor milling of sintered rejects using ASTM standard sieves. The values in the parenthesis show (Table 3 ) the wt. fraction of powder in the corresponding particle size range during sieve analysis. The laser particle size analyser Cilas 1190 LD (M/s Cilas, France) was used for microwave denitrated and attritor milled powders and values recorded are average particle size ( Table 3 ). The powder obtained after jaw crushing operation (Table 3 ) was compared with the sinterable grade feed powder ( Table 1 ). The specific surface area and particle size were found to be poor, which may not be sintered to the densities required for an oxide fuel typically > 90% of TD. Further improvement in the powder physical properties was carried out by attritor milling. Though, the powder so obtained also showed better surface area and smaller particle size as compared to the precursors (Table 3) . However, it cannot be recommended as sinterable grade (Table 1 ). The extended micronisation using attritor mill may be useful however, this leads to prolonged processing cycle. More importantly, the issues of concern are the impurity pick-up due to wear of attrition media and the associated radioactive dust hazard in the extended micronisation. The dust raised frequently chokes the HEPA filters calling their frequent replacement. High energy ball or attritor milling is useful however, is energy intensive. Thus, mechanically micronized powder (after attritor milling, 40 min) so obtained is not suitable as fuel feed material. Else, mechanically micronized powder can be mixed with fresh feed powders for fuel fabrication. Mishra et al. [44] reports the addition of maximum 15 wt% of the (Th, 30%U)O 2 MOX sintered rejects recycled via mechanical micronisation process (crushed and attritor milled) for fabrication of fuel. [29] . However, presence of UO 2 in the ThO 2 matrix has caused its oxidation thus giving (Th, U)O 2+x . Figure 3 shows the increase in the% oxidation in various (Th, U)O 2 MOX in the range of UO 2 from 0 to 30 wt%. The% oxidation was calculated using the method followed by G. Singh et al. [23] out for recycling of ThO 2 sintered pellets in the integrated process ( Figure 1 ). It is also concluded from Table 3 that the air oxidation of jaw crushed (Th, 14% U)O 2 powder improves the specific surface area and reduces the particle size.
The particle size and specific surface area of jaw crushed (Th, 30%U)O 2 were 0.9 -1 mm (>0.9 wt. fraction) and <1 m 2
•g −1 respectively and after air oxidation were 600 -700 µm (>0.8 wt. fraction) and 1.8 m 2
•g −1 respectively. This was attributed to oxidation of (Th, U)O 2 to (Th, U)O 2+x due to presence of uranium. Higher the UO 2 content in (Th, U)O 2 , more is the % oxidation (Figure 3 ). This in turn improves the powder properties (surface area and particle size) and hence the sinterability. The oxidation of UO 2 to U 3 O 8 decreases the density thereby increasing the surface area and reducing the particle size [30] [60]. The sinterability can further be increased by following multiple oxidation-reduction cycles [60] . [38] . The mechanical micronisation and/or air oxidation increase the surface area and thus enhance the dissolution of ThO 2 tremendously. Thus, micronized and/or air oxidized powder was used for dissolution-denitration ( Figure 1 ).
Dissolution and Denitration Using Microwave
The effect of various parameters influencing the powder properties of denitrated product was thoroughly studied. Based on the multi-parametric study, the optimized conditions were selected to deliver sinterable powder. The influence of the various parameters on the cake bulk density (CBD), powder bulk density (PBD) and BET surface area is depicted in Figure 4 .
1) Effect of method of heating
The aqueous processing involving dissolution-denitration was carried out in microwave and conventional hotplate. It was found that the specific surface area in the microwave denitrated product was higher than the hot plate processed (Figure 4(a) ). The cake and powder bulk densities were found to be lower in microwave denitrated ThO 2 . This was attributed to the direct material and bulk heating associated to microwave contrary to conventional. The solidification (Figure 2 ) occurs quickly in case of microwave throughout the bulk. Thus, the evolution of gases and vapours during solidification and subsequent steps are many more times larger which forms the cake to be porous. The shape of the denitration process vessel plays a key role in enhancing the cake porosity [22] .
Long narrow neck vessel (used in the present work) provides small area for outgoing gases and vapours (nitrogen oxides called NOx, HNO 3 , H 2 O etc.). However, the heat conducts from the surface of the material in the hot plate. The solidification starts from the surface and take longer to reach up to the core of the material. Thus, there is no quick evolution of gaseous products during solidification. Therefore, the product formed in the in hot plate denitration possess high bulk density (thus, low porosity) and low surface area. The increase in the surface area in microwave denitration is due to de-agglomeration of particles because of quick evolution of gases and vapours, which prevents the nucleation and the particle size growth. These outcomes are in line with the findings by Chandramouli et al. [39] where they found very low specific surface area of the World Journal of Nuclear Science and Technology ThO 2 powder synthesized via hot plate denitration. However, the surface area was higher when the denitration was performed using microwave. Thus, the microwave denitration was embedded in the integrated process (Figure 1 ) to improve the powder physical properties.
2) Effect of HF addition
To investigate the effect of completely dissolved ThO 2 on the microwave denitrated powder, the microwave dissolution of the attritor milled powder was performed in HNO 3 ) as shown in Figure 4 (c) and Table 3 . 
4) Effect of UO 2 in ThO 2
A profound effect on the surface area and bulk density of the denitrated product was found due to presence of UO 2 in ThO 2 as shown in Figure 4(d) . This is because the denitrated product contains UO 3 . The density of UO 3 is lower (6.69 -8.62 g•cm ) depending upon the allotrope formed [57] . It was reported that the microwave denitration of uranyl nitrate produces β-UO 3 [55] [56] . The studies have shown that for denitration of uranyl nitrate, the crystal structure of the oxide product depend upon temperature and heating rate with desired porous product formed at faster heating rates [69] . The calcination of UO 3 further gives voluminous U 3 O 8 having density 8.326 -8.395 g•cm −3 [54] . The surface area and bulk density of cake and powder in the microwave denitrated (Th, 14%U)O 2 are shown in Figure 4 (d). Thus, Figure  4 (d) revealed that the bulk density decreases and surface area increases as UO 2 content increases in the (Th, U)O 2 .
X-Ray Diffraction Analysis
The powder X-ray diffractograms of sintered ThO 2 powder (after micronisation of sintered ThO 2 pellets; SM-A) and microwave denitrated ThO 2 powder (dissolved using HF) are shown in Figure 5 . The analysis of the patterns shows that the peaks are sharper for sintered ThO 2 powder Figure 5 (a) showing more crystallinity due to sintering. The XRD pattern of denitrated ThO 2 in Figure 5 (b) indicates that the microwave denitration of thorium nitrate give well developed crystalline thoria. However, the peaks are broader than the sintered ThO 2 . The calcination was carried out after microwave denitration ( Figure 1 ) to remove residual volatiles (nitrate, water etc.). This further leads to the crystal growth and improves crystallinity (giving sharper peaks) [54] . The calcination in denitrated (ThO 2 , U 3 O 8 ) mixture additionally converts residual UO 3 into U 3 O 8 quantitatively.
Suitability Assessment of the Recycled Powder
Comparison of the physical properties of the recycled ThO 2 powder (Table 3) and standard sinterable ThO 2 (Table 1) reveals that the recycled powder obtained through the integrated process ( Figure 1 ) can be re-used for fuel fabrication. The recycled ThO 2 powder has specific surface area of 3.5 m The powder bulk density of the as received ThO 2 powder from oxalate route ( (Figure 4(b) ). The microwave denitration with PVA further reduces the powder bulk density upto 0.9 g•cm −3 ( Figure 4(c) ). This is assigned to the platelet morphology of the oxalate derived ThO 2 where packing fraction is lesser [34] [43] [44] . The attritor milling breaks the platelet morphology converting it to spherical, thereby increasing the bulk density and surface area. The oxide or mixed oxide product in aqueous processing using microwave (Figure 1 ) is obtained in the form of clinkers. The clinkers are milled into fine powder to be used in fuel fabrication. The attritor milling is required prior to calcination and/or reduction. The morphological properties were not investigated in the present study. The future studies are being directed towards examining these aspects.
However, the attritor milling of the microwave denitrated clinkers is carried out in integrated process ( Figure 1) ).
Fluoride is essentially added for complete dissolution of ThO 2 in HNO 3 . PVA is added for obtaining improved powder physical properties during aqueous processing using microwave (Figure 1 ). The concentration of carbon and fluoride in the recycled powder is required to be measured for suitability assessment. Table 4 records the values of carbon and fluoride in the recycled ThO 2 via integrated process (Figure 1) . The values for standard oxalate route derived ThO 2
are also recorded for comparative evaluation. The carbon and fluoride as impurities gets decreased to acceptable levels (in the nuclear fuel) during the fuel fabrication operations as sintering (1600˚C -1800˚C) and vacuum degassing. However, the fluoride is required to be in controlled amount due to its corrosive nature.
Industrial Scale-Up of the Process
The integrated process (Figure 1 ) can be easily scaled-up to feed industrial requirements. The throughput of the dry processing steps as micronisation and oxidation can be enhanced by capacity of the equipments. However, the aqueous processing possesses some concerns. The standard method of sinterable ThO 2 from sintered rejects production involving oxalate precipitation-calcination may be followed further. However, this produces large liquid wastes and is not economic (time and cost). Thus, a method is desired by the fuel fabricators which can produce sinterable grade ThO 2 consistently along with negligible waste generation, minimum processing time, simple process equipments, easy maintenance and amenable for automation and remotisation. So, microwave denitration was an obvious choice. However, the present method is developed for chemically clean sintered rejects. The impure rejects may require solvent extraction for removal of impurities post dissolution and prior to denitration. In the aqueous processing, a batch size is controlled by the criticality evaluation of the process. An additional safety factor is required to be given to operational or human errors. The recycling of ThO 2 sintered pellets by integrated process (Figure 1 ) may not require criticality safety analysis. So the batch size may be decided by equipment size and operational ease. However, this evaluation is required for aqueous processing of ThO 2 -LEU and (Th, U 233 )O 2 . The continuous denitration may be adapted to cater the needs on industrial scale. The microwaves directly interact the absorbing material which is required to be heated and can be projected (through waveguides) from remote generators. The maintenance required is outside the process equipments offering a huge ease to the operators. The present method is simple and fast, however, the processing time can further be reduced by adapting microwave processing comprehensively in the various operations replacing conventional heating methods. For example, air oxidation, calcination and reduction using microwave heating were reported time and cost economic [70] .
Conclusions
An integrated process was developed for recycling the chemically clean, rejected To enhance the physical properties of the recycled powder obtained from the combination of comminution and/or oxidation processes, the aqueous processing using microwave dissolution and denitration was embedded in the integrated process. The microwave dissolution-denitration using HF and PVA produced highly sinterable recycled powder which can be used 100% for fuel re-fabrication. Denitration using microwave improves the powder physical properties as compared to hot plate denitration. The completely dissolved ThO 2 (using HF) results better powder properties as compared to partially dissolved 
